ABSTRACT: In this study, a new self-healing shape memory polymer (SMP) coating was prepared to protect the aluminum alloy 2024-T3 from corrosion by the incorporation of dual-function microspheres containing polycaprolactone and the corrosion inhibitor 8-hydroxyquinoline (8HQ). The self-healing properties of the coatings were investigated via scanning electron microscopy, electrochemical impedance spectroscopy, and scanning electrochemical microscopy following the application of different healing conditions. The results demonstrated that the coating possessed a triple-action self-healing ability enabled by the cooperation of the 8HQ inhibitor, the SMP coating matrix, and the melted microspheres. The coating released 8HQ in a pH-dependent fashion and immediately suppressed corrosion within the coating scratch. After heat treatment, the scratched coating exhibited excellent recovery of its anticorrosion performance, which was attributed to the simultaneous initiation of scratch closure by the shape memory effect of the coating matrix, sealing of the scratch by the melted microspheres, and the synergistic effect of corrosion inhibition by 8HQ.
INTRODUCTION
As the most widely used method to mitigate corrosion, polymer coatings provide physical barriers against corrosive media and suppress cathodic and anodic reactions on the underlying metallic substrates. 1 However, the coatings are susceptible to damage caused by mechanical or environmental attack during construction, transportation, and service and require costly and labor-intensive reparation or replacement. In this sense, the development of smart coatings that can repair the damage themselves or with minimal external intervention has received considerable interest in the last decade. 2−7 For corrosion protection, the most common self-healing strategy is to embed corrosion inhibitors as active healing agents in the coating matrix. 8−17 These corrosion inhibitors can leach into the coating defect and immediately suppress the corrosion reactions that take place at the exposed metal substrate. In many cases, proper encapsulation of the inhibitor is beneficial to preserve its reactivity and to achieve its sustained and environmentally (pH-, Cl-, redox) responsive delivery within the coating defect. 18−24 The containers for encapsulating corrosion inhibitors can be inorganic nanoparticles made of layered double hydroxides, 25, 26 halloysites, 27, 28 and mesoporous SiO 2 , 21, 24 or organic micro-or nanocapsules, such as polyelectrolyte microcapsules, 29, 30 fibers, 31 and hollow polymeric microspheres. 32, 33 For inhibitor-based coatings, the healing effects result from corrosion inhibition rather than by intrinsic repair of the barrier properties of the coating. Therefore, the healing efficiency depends critically on the intrinsic performance, irreversibility, leaching capacity, and the amount of inhibitor in the coating. At low-leached inhibitor levels, the effective suppression of corrosion by the corrosion inhibitor in large coating defects is difficult to achieve. However, with larger amounts of the inhibitor, the barrier properties of the coatings may be reduced, as more diffusion channels are created at the container−coating interfaces. 3 Besides, through the active corrosion inhibition, the corrosion protection of the coating can also be restored based on coating matrix mobility, which is most often initiated by an external stimulus of heat or light. 34−38 For instance, thermoresponsive shape memory polymers (SMPs) have been used to prepare self-healing coatings whose bulk integrity and surface morphology can be recovered after temporary deformation.
39−41 Some of the early systems of this type used polyurethane SMPs containing soft poly(ε-caprolactone) (PCL) segments as the coating material. Heating above the melting transition temperature (T m ) of PCL softened the PCL segments and triggered the shape memory effect. As a result, damage to the coating, such as mechanical scratches, could be physically closed to partially restore the barrier properties of the coating, although an unbonded crevice remained at the damage site. For SMP-based coatings, the self-healing effect can be initiated by artificial heating or the heat generated by (sun)light irradiation. 38 This thermally initiated self-healing process may also be facilitated by a complementary corrosion sensing component in the coating, which can locate the coating damage, enabling a more timely and efficient repair. 42, 43 To further enhance the healing efficiency, a dual-action "close-then-heal" strategy was demonstrated by incorporating thermoplastic fillers in SMPs. 44 For example, Mather et al. infused an epoxy SMP into an electrospun PCL fiber scaffold applied on a steel substrate. 35 Increasing the temperature to 80°C simultaneously triggered the shape memory effect to close the scratch and the melting of PCL fibers to rebond the scratch side walls. A different concept for dual-action self-healing coatings can be realized in SMP coatings by the incorporation of corrosion inhibitors. Recently, we directly doped benzotriazole (BTA) in an epoxy SMP coating applied on carbon steel. In the absence of heating, the BTA that leached at the coating scratch initiated the immediate inhibition of corrosion.
In return, the SMP improved the inhibitory efficiency of BTA by remarkably reducing the size of the damaged area. 45 In this work, we report on the development of a novel tripleaction self-healing SMP coating containing dual-function PCL microspheres for the protection of the aluminum alloy 2024-T3 (AA2024-T3) from corrosion. As shown in Scheme 1a, on the one hand, the microspheres served as carriers of the corrosion inhibitor 8-hydroxyquinoline (8HQ), which leached from the microspheres and suppressed corrosion when the coating was damaged. On the other hand (Scheme 1b), when heat was applied, the shape memory effect induced the closure of the coating scratch, which was further sealed by the simultaneous melting of the inhibitor-loaded microspheres. As such, the triple-action self-healing mechanism of this coating concept involves (i) inhibitor release, (ii) scratch closure, and (iii) scratch sealing for robust corrosion protection restoration at coating defects. The damaged and healed morphologies of the coatings were observed using scanning electron microscopy (SEM). Triple-action self-healing mechanisms and the healing efficiency were investigated via electrochemical impedance spectroscopy (EIS) and scanning electrochemical microscopy (SECM) following the application of different healing conditions.
EXPERIMENTAL SECTION
2.1. Materials. PCL (molecular weight: ∼45 000 g/mol), bisphenol A diglycidyl ether (BADGE), and Jeffamine D230 hardener were purchased from Sigma-Aldrich. Polyvinyl alcohol (PVA) (molecular weight: ∼27 000 g/mol), n-decylamine, and 8HQ were supplied by Shandong Xiya Chemical Industry, Co. Ltd. All chemicals and solvents were used as received.
2.2. Preparation of Microspheres. 8HQ-loaded microspheres were prepared using an oil-in-water (O/W) emulsion solvent evaporation method. The typical preparation procedures are as follows: A solution containing 0.3 g PCL and 0.2 g 8HQ in 20 mL dichloromethane was added to 100 mL of a PVA aqueous solution (0.15 w/v %) and homogenized under sonication (FLUKO F6/10) for 5 min with a stirring speed of 15 000 rpm. The resulting O/W emulsion was magnetically stirred at a speed of 80 rpm for 2.5 h until the solvent completely evaporated. The obtained microspheres were centrifuged, washed in deionized water two times, and finally freezedried for 24 h. As a control, inhibitor-free pure PCL microspheres were also prepared using a similar method. The amount of 8HQ contained in the PCL microspheres was determined by dissolving the inhibitor-loaded microspheres in dichloromethane. The obtained solution was analyzed using UV spectrophotometry (Hitachi U-3900H). The concentration of 8HQ in dichloromethane was obtained by measuring the absorbance peak from 190 to 450 nm of dichloromethane solutions with a series of 8HQ concentrations. A standard curve of the absorption as a function of the concentration was plotted based on the maximum absorption at 239 nm. The inhibitor loading content [ILC (%)] was calculated using eq 1
weight of inhibitor in microsphere weight of microsphere 100%
2.4. Coating Preparation. AA2024-T3 (80 mm × 60 mm × 5 mm) was used as the coating substrate. Prior to the application of the coating, the substrate was abraded with 240 grit abrasive paper, cleaned with ethanol, and degreased with acetone in an ultrasound bath for 10 min. To prepare the self-healing coating, BADGE, Jeffamine D230, and n-decylamine were mixed at a molar ratio of 8:1:6, which was determined based on a previous study, 46 and different amounts (5, 10, and 15 wt %) of pure PCL microspheres were added under mild stirring. The mixture was spread over the aluminum alloy substrate using a rod applicator and cured at 50°C for 24 h. As a control, a blank SMP coating without PCL microspheres was also similarly prepared. Using the same method, a coating that contained 8HQ-loaded microspheres was prepared at the optimum microsphere concentration, which was determined using self-healing tests performed with SEM analysis and EIS measurements. The thickness of the dry coatings was ∼100 μm.
2.5. Self-Healing Tests. To study the self-healing ability of the coatings, a through-coating scratch was made on the coating surface with a sharp razor blade. The damaged coating was heated in an oven at 80°C for 30 min to complete the shape memory process of the epoxy coating and to melt the microspheres. The morphology before and after healing was observed using SEM (FEI Quanta 250) under a 10 kV accelerating voltage. To observe the sealing of the scratch by the melted microspheres, the cross section of the coated panel was milled using a focused ion beam (FIB, TESCAN LYRA 3) accelerated at 15 keV upon tilting the sample ±50°from the normal and upon rotation.
To study the release of 8HQ, a free film was prepared by curing the same coating resin (10 wt % 8HQ−PCL microspheres) in a silicone mold at 50°C for 24 h. The film was then peeled off from the mold and cut into two pieces to expose the full cross section (2.5 × 0.2 cm 2 ). The cross section of the film was then dipped into a NaCl solution at pH 4, 7, and 10 (tuned by adding HCl or NaOH) for up to 200 h. The amount of 8HQ released into the solution was evaluated using UV spectrophotometry. Standard curves were plotted by measuring a series of 8HQ concentrations dissolved in the NaCl solution.
Elemental analysis was performed by energy-dispersive X-ray spectroscopy (EDS) mapping (ZEISS SUPRA 55) over an area of 2 × 1.6 μm 2 on the exposed aluminum alloy substrate within the coating scratch. The scratched region of the coating was also investigated by infrared spectroscopy (NEXUS 670) in the range of 2000−750 cm −1 , with a spot size of 10 × 20 μm 2 . EIS was performed on the scratched and healed coatings immersed in a 3.5 wt % NaCl solution at room temperature using a PARSTAT 2273 electrochemical station. A three-electrode system was used, in which the coated panel functioned as the working electrode, a platinum foil was utilized as the counter electrode, and a saturated calomel electrode (SCE) served as the reference electrode. The area of the working electrode was 3.14 cm and interference by stray current. Two specimens for each condition were tested to confirm the repeatability. SECM (Ametek M370) was carried out to monitor oxygen reduction in the scratched regions of coatings containing different microspheres before and after healing. The coating specimens were immersed in a 3.5 wt % NaCl solution for two days during the experiment. A four-electrode electrochemical cell with SCE as the reference electrode, a platinum electrode as the counter electrode, a platinum microelectrode as the probe, and the sample as the working electrode was designed. The distance between the sample and the tip of the platinum microelectrode was maintained at 25 μm during the measurement. A tip potential of −0.75 V (vs SCE) was applied to the platinum tip to operate the SECM in the redox competition mode. The scanned area was 800 × 1000 μm 2 , and a scanning rate of 50 μm s −1 was utilized. Two specimens for each condition were measured to confirm the repeatability. The oxygen reduction current (i) obtained in the scratch region was normalized by the current obtained over the intact surface where the oxygen is controlled by the steady-state diffusion (i ∞ ). The values of i/i ∞ were obtained along the center line of the scratch (where oxygen reduction current is the lowest) and their average was used to indicate the healing efficiency.
RESULTS AND DISCUSSION
3.1. Encapsulation and Release of the Corrosion Inhibitor. PCL is a biodegradable polyester that has been widely used to prepare controlled release drug carriers in pharmaceutical applications. 47 In this study, PCL microspheres containing the 8HQ corrosion inhibitor were successfully prepared using an O/W emulsion solvent evaporation technique. 48 According to previous studies, the method was expected to produce a homogeneous distribution of the hydrophobic 8HQ inhibitor within the hydrophobic PCL microspheres. 49, 50 Dichloromethane was chosen as the organic phase of the O/W emulsion because of its low boiling point (40°C), which is beneficial for the solidification of the microspheres. The size of the microspheres decreased with increased stirring speed and with increasing stirring time. Figure 1a ,b shows SEM images of the pure PCL and 8HQ-loaded microspheres, respectively. The microspheres possess a spherical shape and have an average diameter of ∼4 μm. The incorporation of 8HQ in the PCL microspheres did not significantly impact the microsphere size or morphology.
The encapsulation of 8HQ in the microspheres was quantitatively analyzed by performing UV spectrophotometry on 8HQ-doped microspheres dissolved in dichloromethane. To calculate the ILC(%), the absorption at 239 nm in the UV spectrum was measured and compared with the standard curves of 8HQ dissolved in dichloromethane. 51 The result revealed an ILC(%) value of ∼21%, which was relatively high compared to that of other common organic containers for corrosion inhibitors in self-healing coatings.
52−54 To simulate the conditions of inhibitor release during the self-healing events, the 8HQ release profiles were determined from the fresh cross section of the coating containing 8HQ−PCL microspheres rather than from free microspheres. As shown in Figure 2 , PCL microspheres were clearly able to more rapidly release the encapsulated 8HQ at pH = 10 than at other pH values. The degradation of PCL microspheres was faster under alkaline conditions because of the autocatalytic decomposition of the ester bonds. 55 All of the release curves exhibited a faster release rate within the first 24 h as compared to later stages of exposure, which is considered an advantage for corrosion protection, as the rapid leaching of inhibitors ensures immediate suppression of corrosion reactions when the coating is damaged. 56 3.2. Differential Scanning Calorimetry (DSC) Study. In this study, the scratched surface of the coating was healed by heating the sample above the glass transition temperature (T g ) of the epoxy SMP and the T m of the microspheres. The DSC curves (Figure 3 ) reveal that the T g of the blank SMP coating is ∼46°C. The DSC curves of pure PCL microspheres and free 8HQ inhibitor present sharp endothermic peaks at ∼50 and ∼78°C, respectively, which correspond to their melting points. For the 8HQ−PCL microspheres, the endothermic peaks are located between those of PCL and 8HQ, indicating a certain miscibility between the components of the microspheres. 57 For the coatings containing 8HQ−PCL microspheres, the addition of microspheres hindered the segmental mobility of the epoxy, which led to a slight increase in T g . 58 As a result, the T g of the epoxy and the T m of the microspheres overlap, showing only one peak at ∼57°C in the corresponding DSC curve. On the basis of these results, the scratched coatings were heated at 80°C for 30 min to study their self-healing behaviors. Under these heating conditions, the shape memory effect is expected to be triggered, and both PCL and 8HQ are expected to melt and flow into the coating scratch.
3.3. Effect of the Microsphere Amount. To identify the optimal amount of microspheres, the thermally induced selfhealing behaviors of coatings that contained 0, 5, 10, and 15 wt % PCL microspheres were tested and compared. Figure 4 shows representative surface morphologies of the scratched and thermally repaired coatings. The initial width of the through-coating scratches was ∼100 μm (Figure 4a ). After heating, the scratches in all the coatings shrank to a width of only ∼15 μm, suggesting that the presence of PCL microspheres did not affect the shape memory ability of the epoxy coating. Compared to the blank SMP coating shown in Figure  4b , for the coatings containing PCL microspheres, the remaining gaps observed in Figure 4c −e were partially or fully filled after heating. In addition, a larger extent of filling was observed when the amount of PCL microspheres reached 10−15 wt %. An FIB was used to prepare a cross section of the scratched region of the healed coatings. For the coating with 10 wt % PCL microspheres (Figure 4f) , the representative SEM image shows that the melted microspheres completely filled the remaining gap of the closed scratch and repaired the physical barrier of the coating.
The effect of the microsphere quantity on the self-healing performance was further investigated by comparing the barrier properties of the healed coatings based on EIS measurements in a 3.5 wt % NaCl solution. To rule out the effect of the simultaneously increased 8HQ quantity, pure PCL microspheres instead of 8HQ−PCL microspheres were incorporated in the coatings. (Figure 5b ) heating, the shape memory effect clearly partially recovers the barrier effect of the coating based on the reduced scratch size. However, this self-healing effect quickly diminished during immersion because water was able to penetrate the unbonded crevice of the closed scratch. As shown in Figure 5b , the |Z| 0.01Hz value decreased from 3.1 × 10 7 to 1.2 × 10 5 Ω cm 2 after 3 days of immersion when the barrier property was completely lost. This finding was in good agreement with those previously reported for self-healing coatings based on pure SMPs. 37, 59 In phase diagrams, the broad time constant in the medium-frequency range can be ascribed to two combined time constants, including the pore resistance of the coating and the oxide layer on the exposed metal substrate (typically in the range of 1−0.1 Hz). The time constant in the low-frequency region typically reflects corrosion activities such as pitting on the exposed substrate, 60, 61 which became slightly visible after 3 days of immersion, as shown in Figure 5a . In comparison, a broader time constant in the medium-frequency range shown in Figure  5b was observed at the beginning of the immersion because of the reduced scratch size.
In contrast to the blank coating, coatings containing 5, 10, and 15 wt % microspheres exhibited a repaired barrier effect after heating at 80°C for 30 min. , and the corresponding phase angles were −90°o ver the entire frequency range. Clearly, this full recovery of barrier properties of the coating was attributed to not only the closure of the scratch by the shape memory effect but also the sealing of the remaining gaps by the melted microspheres. As immersion continued, the NaCl solution slowly penetrated the repaired scratch, leading to a continuous decrease in the impedance moduli. In phase diagrams, the narrower time constant in the high-frequency region and the increased phase angle in the low-frequency region both revealed the degrading barrier properties of the repaired coatings. After 3 days, |Z| 0.01Hz values of the coatings with 5 and 10 wt % PCL microspheres decreased to 1.8 × 10 7 and 5.8 × 10 8 Ω cm 2 , respectively, which were both significantly higher than that of the blank SMP coating. The coating with 10 wt % microspheres also clearly had a better healing efficiency than the one with 5 wt % microspheres, which agrees well with the morphological observations in Figure 5 . With a larger amount of microspheres in the coating, more spheres were exposed at the scratch interface and were therefore available to seal the remaining gaps after melting. However, the coating with 15 wt % PCL microspheres showed an unexpectedly rapid deterioration of the barrier performance (Figure 5e ). Despite the high |Z| 0.01Hz value observed at the beginning of immersion, the value sharply fell to only 2.3 × 10 5 Ω cm 2 within 3 days. Correspondingly, the phase angles increased in the highfrequency region. A more defined time constant occurred in the low-frequency range as an indicator of the corrosion activity on the metal substrate. This phenomenon can be explained by the fact that this large amount of microspheres damaged the integrity of the coating matrix by introducing more diffusion channels at the microsphere−coating interfaces. 62 On the basis of the preliminary assessment above, the coating with 10 wt % microspheres was selected as the best composition and used in the following sections, which focused on clarifying the different healing mechanisms in the coatings.
3.4. Self-Healing Mechanism Based on 8HQ. To study the healing effect induced by the corrosion inhibitor, the coating with 10 wt % 8HQ−PCL microspheres was scratched and immersed in 3.5 wt % NaCl solution for EIS measurements, and the results were compared with those for the scratched coating containing pure PCL microspheres. Figure 6 presents variations in the Bode plots for each coating during a 7-day immersion period. Because of the wide openings of the scratches, the |Z| 0.01Hz values of both types of coatings were much lower than those of the thermally repaired coatings at the beginning of the tests. Similar phase diagrams were observed, consisting of a broad time constant over the medium frequencies and a weakly defined time constant at the low frequency. For the coating containing pure PCL microspheres, the corrosion reactions occurring within the scratch resulted in a low |Z| 0.01Hz value of ∼3.0 × 10 5 Ω cm 2 , which continued to decrease over the 7 days of immersion. The coating containing 8HQ−PCL microspheres exhibited a similar variation, but its impedance values were higher than those of the inhibitor-free coating throughout the entire immersion test (Figure 6c ). For the coating containing 8HQ, the phase angles in the medium frequencies were slightly higher than those for the inhibitorfree coating, which reflects the improvement of the oxide layer. After 7 days, the |Z| 0.01Hz values of the coatings containing pure PCL microspheres and 8HQ−PCL spheres decreased to ∼1.0 × 10 5 and ∼3.1 × 10 5 Ω cm 2 , respectively. These results indicate that the presence of 8HQ in the PCL microspheres could improve the corrosion resistance of the coatings after damage occurred.
To confirm that the self-healing effect indeed resulted from the leached 8HQ, scratched regions of coatings containing 8HQ−PCL microspheres and PCL microspheres were further characterized using SEM and EDS analyses. For the coating containing 8HQ−PCL microspheres (Figure 7a) , an insoluble film gradually formed in the scratch, which can likely be attributed to complexation between 8HQ and the metallic ions released from the metal substrate. According to the literature, 8HQ can inhibit localized corrosion of AA2024 by forming insoluble complexes over the active sites, such as S-phase (Al 2 CuMg) intermetallics. From the EDS measurement, the elemental distribution in the marked area showed a strong signal for Al in the exposed aluminum alloy substrate. The elements N and C became more densely distributed as the immersion time increased, which verifies that the insoluble complex film originated from the 8HQ inhibitor. For the coating containing pure PCL spheres (Figure 7b) , however, the scratched region of the coating remained clean during the 48 h of immersion, and minimal N or C was detected. cm −1 represent the stretching vibrations of the aromatic C−H bond. 65 Thus, the results of the FT-IR spectra further confirmed the existence of the inhibitor complex.
3.5. Triple-Action Self-Healing Mechanisms. In this section, the coatings containing 10 wt % pure PCL microspheres and 10 wt % 8HQ−PCL microspheres were both scratched and then repaired under heating at 80°C for 30 min. The healing efficiency of the coatings was first assessed using EIS measurements taken in 3.5 wt % NaCl solution (Figure 9 ). At the beginning of immersion, both coatings demonstrated excellent restoration of barrier properties with | Z| 0.01Hz values higher than 10 10 Ω cm 2 and pure capacitive behaviors over the whole frequency range, which were attributed to the ability of the coatings to close and fully seal the scratches. For the coating containing pure PCL spheres (Figure 9a) , the low-frequency impedance moduli in Bode plots declined slightly within the first day because of the preferential ingress of water through the sealed scratch, which is the most vulnerable point of the coating. After 5 days, more time constants were observed in medium-and low-frequency regions, suggesting that the electrolyte had penetrated the coating most likely through the sealed scratch and corroded the metal substrate underneath. The |Z| 0.01Hz value further decreased to ∼1.0 × 10 7 Ω cm 2 after 9 days of immersion. In comparison, the coating with 10 wt % 8HQ−PCL microspheres showed much slower deterioration of its protective performance, as demonstrated in Figure 9b ,c. During the 9 days of immersion, the phase angles at high frequencies remained at −90°. Also, the |Z| 0.01Hz value was still well above 10 9 Ω cm 2 after 9 days, which was over two orders of magnitude higher than that of the inhibitor-free coating. This result confirmed that the presence of 8HQ further strengthened the corrosion resistance in the repaired region, 66 thereby prolonging the service life of the repaired coating.
SECM measurements were conducted to provide a more microscopic assessment of the self-healing effects by monitoring oxygen reduction in the scratched region. 45 ,67 Figure 10 shows the mapping of the oxygen reduction current (i), which is normalized with the steady-state diffusioncontrolled current (i ∞ ). By comparing i/i ∞ obtained over the coating scratches under different healing conditions, the inhibitor-based healing activity and the synergistic effect of SMP and melted microspheres were clearly determined. For the coating containing pure PCL microspheres (Figure 10a ), no healing activity was observed in the coating scratch. The oxygen reduction current recorded using the platinum microelectrode at the scratch center remained at nearly zero during the 48 h test, which indicates that the oxygen in this region was almost completely consumed by the cathodic corrosion activity on the exposed substrate. 45, 68, 69 As shown in Figure 10b , the oxygen reduction reaction in the coating scratch was effectively suppressed within the first 24 h of immersion by the rapidly leached and adsorbed 8HQ inhibitor. As a result, more oxygen was available, and the corresponding oxygen reduction current was higher than that of the inhibitorfree coating, corresponding to a healing efficiency of 73.7%. After 48 h, the oxygen reduction current decreased again, suggesting that the healing effect of the inhibitor was temporary inside the wide-open scratch. After the heat treatment, the physical barrier was well restored in both types of coatings by the closure of the scratch and melting of the microspheres, given that no localized corrosion activity was detected initially (Figure 10c,d) . The healing efficiency as reflected by the normalized current reached to ∼96% with or without 8HQ. The current for the coating containing pure PCL microspheres exhibited a small and gradual decrease in the region of the repaired scratch during immersion. For the coating containing 8HQ−PCL microspheres, almost no corrosion activity was observed after 24 h. After 48 h, the current in the scratch region varied only slightly and a healing efficiency over 90% was maintained. Therefore, the coating damage was more effectively repaired by the inhibitor-doped microspheres than by the pure PCL microspheres, demonstrating the durable self-healing performance of the coating.
CONCLUSIONS
In this work, a novel SMP-based coating with a triple-action self-healing ability was developed to protect an AA2024-T3 substrate from corrosion upon damage. An improved selfhealing performance was achieved by introducing dualfunction 8HQ−PCL microspheres, which not only exerted immediate corrosion inhibition in the coating scratch but also melted to fully seal the scratch upon heat treatment. An optimum quantity of 10 wt % microspheres was first determined by assessing the morphology and barrier properties of thermally repaired coatings containing different amounts of PCL microspheres. On the basis of EIS and SECM results, the coating containing 8HQ−PCL microspheres demonstrated triple-action self-healing mechanisms. When the coating was immersed in NaCl solution, the 8HQ inhibitor rapidly leached out of the microspheres and suppressed corrosion within the coating scratch. After heat treatment at 80°C, the scratch in the coating was closed and sealed by the shape memory effect of the SMP coating matrix in cooperation with the melted microspheres. The physical barrier of the coating was thoroughly restored, and the healing effect was significantly strengthened by the presence of the 8HQ inhibitor in the healed region.
